Abstract Many toxic effects of treated wastewater effluent on organismal and reproductive health have been documented. However, the physicochemical environment of treated wastewater effluent frequently differs considerably from that of its receiving waters and may affect organismal function independently of toxic effects. Teleost sperm, for example, may be affected by the higher osmolality of treated wastewater, as this sperm is activated for a brief period of time following ejaculation due to the sudden decrease in osmolality of its surrounding environment. In this study, we examined the effects of treated wastewater effluent on sperm motility to test the hypothesis that the higher osmolality of effluent compared to river water will adversely affect sperm activation in a concentrationdependent relationship. Treated wastewater effluent was collected on 5 days from the outflow of the Metropolitan Wastewater Treatment Plant, St. Paul, Minnesota, and from an upstream site on the Mississippi River. Milt aliquots collected from goldfish were diluted in an isotonic extender solution and subsequently activated in either deionized water, 100%, 50%, or 10% effluent, a synthetic ion mixture, or river water. Sperm motility and velocity were assessed at 15-s intervals for 1 min using a computer assisted sperm analyzer. Significant differences in performance parameters were found only at 15 s, with sperm motility and velocity declining rapidly at later sampling times. Predictably, deionized water resulted in the greatest activation of sperm motility, while motility exhibited a concentration-dependent decline in 10%, 50%, and 100% treated wastewater effluent. Interestingly, Mississippi River water and a synthetic ion mixture with an osmolality comparable to 50% effluent both resulted in the least amount of sperm activation. However, sperm activation in river water varied between collection days during the study. River water and 100% effluent both had low sperm activation characteristics despite a 10-fold difference in osmolality between these two treatments (1 and 10 mOsmol kg -1 , respectively). Results of this study indicate a concentration-dependent decrease in sperm motility in treated wastewater effluent as well as significant fluctuations of sperm activation in Mississippi River water. This study illustrates the complexity of assessing the effects of treated wastewater effluents and the difficulty of determining appropriate reference sites for such studies.
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Many effects of treated wastewater effluent on the reproductive ability of fish have been examined. However, the ability of freshwater teleost sperm to become motile after ejaculation, a crucial link to the reproductive success in a mating event, has received less attention (Kime 1999; Kime and Nash 1999) . While research has more often focused on semen and sperm quality of exposed male fish (Schoenfuss et al. 2002; Lahnsteiner et al. 2005a, b; Runnalls et al. 2007) ; recently, several studies have examined the effects of pollutants in effluent on motility parameters of fish sperm (Kime et al. 1996; Rurangwa et al. 2002) . These studies, in effect, treated sperm as an independent, short-lived organism (often \ 1 min) that can be affected by effluent independently of the organism from which it originated. As noted by Kime (1999) , successful egg fertilization depends on the first minute of sperm motility induction and can be adversely affected by any pollutant able to reduce sperm motility. In this study, we examined the motility patterns of healthy sperm in several treated wastewater dilutions, a synthetic ion mixture, and river waters to determine whether treated wastewater effluent adversely affects sperm motility in an osmolality-dependent manner.
Most freshwater fish rely on external fertilization, with males and females releasing gametes almost simultaneously into the water column (Petersen and Warner 1998) . Fish sperm (in contrast to mammalian sperm) remains immobile until release into the water, at which time the sharp drop in osmolality activates the sperm. This osmolality-dependent cell signaling (Takai and Morisawa 1995) is common to many freshwater teleosts. Once activated, sperm motility persists for only a few seconds or minutes in most freshwater teleosts (Morisawa and Suzuki 1980; Billard et al. 1995) . Sperm motility, therefore, becomes an important factor in fertilization success, especially in species that release gametes into the open water column, and even seemingly minor changes in sperm performance may prevent sperm from reaching eggs in the flowing waters of streams (Kime 1999; Kime and Nash 1999) . Computer-assisted sperm motility analysis utilizes an automated system to measure several biologically significant parameters of sperm motility quickly and in many sperm at once to provide an excellent representation of the entire ejaculates quality.
Goldfish are commonly used in endocrine and reproductive studies (Kyle et al. 1985; Stacey et al. 1987 Stacey et al. , 2000 , have been used extensively for sperm motility studies (Billard et al. 1995; Krasznai et al. 1995; Marian et al. 2000; Dzuba et al. 2001; Rurangwa et al. 2002; Schoenfuss et al. 2002; Warnecke and Pluta 2003) , and are related to many fish species found in North America. The osmotic pressure of goldfish and carp semen is similar, at *300 mOsmol kg -1 (Morisawa et al. 1983 (Morisawa et al. , 1994 , and about 400 9 higher than most freshwaters, but only about 30 9 higher than many treated wastewater effluents (unpublished data).
Municipal treated wastewater effluents are significant portals for the introduction of aquatic contaminants (Desbrow et al. 1998; Ternes 1998; Ternes et al. 1999; Kolpin et al. 2002) and the resultant effects have been studied extensively (Folmar et al. 1996 (Folmar et al. , 2001 Jobling et al. 1998; Rodgers-Gray et al. 2000 Schoenfuss et al. 2002) . Although these contaminants affect the exposed organism in different ways and through varying exposure routes, effluents may affect aquatic organisms simply through changing the organism's physicochemical environment. Temperature effects of treated wastewater effluent have been discussed by other authors (Coutant 1970; Alavi and Cosson 2005) and are an example of the effluent's physical alteration of the aquatic environment. In addition, the higher osmolality of many wastewater effluents may affect sperm motility, which is initiated upon ejaculation in freshwater teleosts as a result of the hypotonicity of the surrounding water (Billard et al. 1995; Takai and Morisawa 1995) . If fish spawn in river sections receiving treated wastewater effluent and if sperm fails to achieve full motility quickly, then fertilization rates and, ultimately, reproductive ability should be adversely affected (Billard 1978; Stoss 1983) .
In order to test the hypothesis that the higher osmolality of effluent compared to river water will adversely affect sperm activation in a concentration-dependent relationship, we designed a study to address two objectives: (1) to determine whether goldfish sperm activation and motility are adversely affected when activated in graded concentrations of treated wastewater effluent and (2) whether the activation pattern can be explained by the osmolality gradient of the effluent.
Materials and Methods

Experimental Design
The Metropolitan Wastewater Treatment Plant (Metro WWTP), St. Paul, Minnesota, USA, was chosen for this study, as it is the largest wastewater treatment plant on the Upper Mississippi River and utilizes tertiary wastewater effluent treatment (Robert Polta, Metro WWTP, St. Paul, MN) . In addition, the treated effluent is discharged into a quasi-natural channel of considerable length that attracts many species of fish, including several commercially important species of fish (e.g., walleye, Stizostedion vitreum) as well as a variety of other native and nonnative (e.g., common carp, Cyprinus carpio) species.
Goldfish sperm was collected and placed in an isotonic sperm extender solution (Chao et al. 1987) . Sperm was later activated on the stage of an automated Hamilton-Thorn Sperm Analyzer (HTM 2030,; Biogenics, Napa, CA, USA), capable of tracking the movement of [200 gametes simultaneously (Liu et al. 1991) . Sperm was activated by diluting an aliquot of the extender solution in the following treatments: (1) control-200 lL deionized water; (2) 100% effluent-200 lL undiluted treated wastewater effluent (Metro WWTP); (3) 50% effluent-100 lL effluent diluted in equal amounts of deionized water; (4) 10% effluent-20 lL effluent in 180 lL Arch Environ Contam Toxicol deionized water; (5) synthetic ion mixture-200 lL containing many of the most prominent ions central to sperm motility (the total osmolality of the synthetic ion mixture was designed to fall in the range of Metro WWTP effluent osmolality based on prior analysis of this effluent); and (6) Mississippi River water-200 lL collected at the same time as the effluent.
Following activation, the quality of the ejaculate (total sperm, percentage rapid sperm) and sperm motility (velocity and lateral head displacement) was assessed for each sample at 15-s intervals, at 15, 30, 45, and 60 s. Triplicate analyses were conducted for each sample at each time interval (total of 1800 analyses; 25 fish 9 4 times 9 6 solutions 9 3 replicates). On each of the 5 analysis days, sperm from five goldfish was activated in the six treatments. This experimental design enabled us to measure sperm activation and motility across all treatments using the same semen sample from one fish and repeat this process for 25 individuals.
Treatments
Effluent for this study was collected in the morning of each of the 5 analysis days directly from the effluent discharge site of the Metro WWTP. Effluent temperature was recorded and a 1-L sample was collected in a Nalgene bottle. Upon return to the laboratory (within 1 h from sample collection), a portion of the sample was dispensed into 2.5-mL centrifuge tubes to prepare 200-lL aliquots of graded wastewater effluent dilutions. Deionized water was added as necessary to establish aliquots of 100%, 50%, and 10% wastewater effluent. Mississippi River water was collected 2 km upstream of the effluent discharge site in downtown ST. Paul (Fig. 1) . River water samples were also dispensed as 200-lL aliquots into 2.5-mL microcentrifuge tubes. In addition, we prepared a synthetic ion mixture to simulate the osmolality of the effluent (measured previously) while excluding the overwhelming majority of potentially toxic compounds in the treated wastewater effluent. The synthetic ion mixture was based only on the ions of calcium, potassium, chloride, and sodium, which are documented to be central to sperm activation and motility (Alavi et al. 2007 ). All aliquots (*30 aliquots for each treatment per analysis day) were stored at 4°C until being used for sperm activation (within 3 h of dilution).
Effluent and river water from all 5 sampling days, deionized water, and a sample of the synthetic ion mixture were frozen immediately after collection and later analyzed by the Research Analytical Laboratory of the University of Minnesota for cation, anion, and metal content. Samples were digested with 5% HNO 3 for 1 h in a digestion block prior to analysis (EPA Method 200.7; U.S. Environmental Protection Agency 1983). Ionic concentrations were determined simultaneously by inductively coupled plasma (ICP) atomic emission spectrometry (Fassel and Kniseley 1974) . Osmolality was determined for the same series of samples using a freezing-point depression osmometer (Osmette, Precision Systems; analysis conducted by Dr. Glen Parsons, University of Mississippi).
Animals and Sperm Collection
Mature male goldfish (10-to 12-cm total length) were obtained several months prior to the experiments from Hunting Creek Fisheries (Thurmont, MD, USA) and maintained under constant laboratory conditions (16:8 h light:dark; fed ad libitum flake food [ChemAqua, Oxnard, CA, USA]). Groups of 8-10 male goldfish that had expressed milt throughout the holding period were stimulated 12 h before sperm was collected using both waterborne pheromonal (10 -10 mol of 17a, 20b-dihydroxy-4-pregnen-3-one, a preovulatory pheromone released by the female goldfish) and behavioral stimuli (addition of a mature female goldfish) to maximize sperm production (DeFraipont and Sorensen 1993). One hour after lights-on (0700 h), male goldfish were removed from the aquarium and lightly anesthetized (0.1% phenoxyethanol), and milt (sperm and seminal fluids) was collected by applying light abdominal pressure and aspirating sperm from the genital pore. Great care was taken not to contaminate the sperm sample with fish urine or feces, as these would cause a premature activation of the sperm. Based on milt availability and abundance, milt from five goldfish was used for each day's analysis. Animal husbandry followed IACUC guidelines and protocols filed for similar studies at the University of Minnesota.
Milt from each of the five fish was collected separately and briefly stirred to assure sample homogeneity. A 4-lL sample was then pipetted into 400 lL sperm extender solution (100 9 dilution) (Chao et al. 1987 ) and stored at 4°C until the time of analysis (usually within 3 h). Previous studies have indicated that sperm stored under such conditions does not degrade significantly for at least 24 h (Schoenfuss et al. 2002) .
Sperm Analysis
For the sperm motility analysis in all treatments, 10 lL sperm extender solution was added to the treatment-specific 200-lL aliquot of diluted wastewater effluent, river water, synthetic ion mixture, or deionized water control, resulting in a final dilution of the sperm sample of 1:2000. The final diluted sample was briefly agitated to ensure homogeneity before a 7-lL sample of the dilution was pipetted onto the stage of the sperm analyzer. A stopwatch was used to start the analysis at the appropriate time intervals (15, 30, 45, and 60 s). All analyses were conducted at room temperature (22°C), as temperature can influence sperm motility (Alavi and Cosson 2005) . Several parameters of the ejaculate and sperm motility contribute to the likelihood of sperm successfully reaching and fertilizing an egg (Kime et al. 1996 (Kime et al. , 2001 Warnecke and Pluta 2003) . These include the percentage of motile sperm in a sample (even under the best activation conditions, up to 40% of goldfish sperm will remain nonmotile due to age or maturation status) and the percentage of rapidly motile sperm (mean progressive velocity, [30 lm s -1 ) to eliminate nonmotile sperm as a factor in the analysis. Two measures of the actual movement of a sperm are critical to the sperms' ability to reach an egg. First, the distance, in a straight line, that a sperm progresses from the beginning of the analysis to its completion is considered the most reliable indicator of sperm fertility in mammals (Moore and Akhondi 1996) (measured as progressive velocity; lm s -1 ). Second, the velocity of the sperm along its actual path (in contrast to the straight line measure) is reflective of the sperm swimming performance (path velocity). Finally, sperm with asymmetric morphology or other pathological changes will swim in a less fluent mode and display greater lateral movement than normal sperm (lateral head displacement Kime et al. 1996) . Together, these parameters allow an assessment of the ability of sperm to become activated and move quickly toward an egg during the short fertilization window.
Care was taken to analyze samples in order to avoid the introduction of a sampling bias. Thus, all six treatments at all four times were run sequentially with sperm from the first fish, then the second, and so forth. This was repeated two more times to complete the triplicate analyses. Only the highest sperm performance for each treatment and fish, rather then the average of each triplicate analysis, was selected for the statistical analysis. The selection of only the highest performance among multiple observations is consistent with the functionality of sperm activation (which only occurs once) and the biomechanical performance literature, which assumes that unique behaviors are likely underestimated in laboratory settings, but cannot be overestimated due to the physiological and mechanical constraints of the observed organism (i.e., sperm) (Full et al. 1995; Farley 1997; Swanson et al. 1998; Wilson et al. 2000; Carroll et al. 2004 ).
Statistical Analysis
The differences between quality parameters of the sperm activated with deionized water, three dilutions of the wastewater effluent, the synthetic ion mixture, and river water were analyzed with repeated-measures ANOVA (STATISTICA 7.1; StatSoft Inc., Tulsa, OK, USA). Time elapsed from the sperm activation was designated a repeatedmeasures factor. Post hoc comparisons were performed using Tukey's test. Differences between sperm quality parameters activated with river water collected during two discrete sampling periods were also analyzed with repeatedmeasures ANOVA, with time elapsed from the sperm activation as a repeated-measures factor. For all statistical tests the differences were considered significant at p \ 0.05.
Results
Osmolality
Osmolality varied significantly (ANOVA; p \ 0.0001) between treatments (Fig. 2) . Deionized water had no detectable osmolality (detection limit: 0.1 mOsm kg -1 ), while undiluted wastewater effluent had the highest mean osmollity, at 9.8 mOsm kg -1 . As expected, osmolality decreased with dilution of wastewater effluent to 4.88 and 1 mOsm kg -1 in the 50% and 10% treatments, respectively. The osmolality of river water was low and varied between analysis days from 0 to 2.33 mOsm kg -1 (average of three measures for each sampling day). The synthetic ion mixture included to provide a solution similar in osmolality to effluent was found to have a total osmolality of 6.6 mOsm kg -1 or on average 30% less then 100% effluent. Although the osmolality of the synthetic ion mixture did not match the effluent osmolality as closely as expected (due to changes in effluent osmolality from the time when the preliminary analysis of the effluent was conducted and the time when the actual experiment commenced), it was sufficient to assess whether diminished sperm performance in effluent could be related to osmolality or to toxic effects of the effluent. Due to the variability of the effluent osmolality, the Arch Environ Contam Toxicol difference between 100% effluent and the synthetic ion mixture was not significant at p \ 0.05. The mean osmolality of Mississippi River water was 0.733 mOsm kg -1 across all days and replicates.
Ionic Concentration
Of the 15 elements tested, 5 were below detection limits for all samples (n = 5 each for effluent and river water): cadmium (0.006 mg L -1 detection limit), chromium (0.014 mg L -1 ), copper (0.026 mg L -1 ), nickel (0.022 mg L -1 ), and lead (0.084 mg L -1 ). Magnesium concentrations were similar in effluent (n = 5) and river water (n = 5; 21 ± 0.8 mg L -1 ). Four elements exhibited consistent differences in concentrations between the two sampling sites (Table 1) , while the remaining five elements varied between sites and, in some cases, between sampling dates at a site (Tables 1 and 2 ). The contribution of specific cations, most notably potassium and sodium, to the osmolality of the test media varied considerably (Tables 1  and 2 ). For undiluted wastewater effluent potassium varied between 10.32 and 13.58 mg L -1 across the 5 sample days, while sodium concentrations varied between 125.76 and 143.42 mg L -1 . As deionized water was used to dilute effluent for the 50% and 10% effluent samples, the concentrations for sodium and potassium were approximately one-half and one-tenth the values for the 100% effluent. Cation concentrations also varied among the 5 sampling days of river water. Potassium concentrations in river water varied between 2.84 and 3.63 mg L -1 , while sodium concentrations ranged from 8.60 to 11.90 mg L -1 . A noticeable difference in cation and metal concentrations was observed between days 1 and 2 and the following three sampling days (Table 2 ) and may be related to a rain event in the collection area before the first sample day (4 cm rain just prior to the first sample collection on June 24, 2002), while the following 3 collection days occurred during dry weather conditions (one rain event, 5 cm, occurred just after the July 10, 2002, river water collection).
Sperm Motility
The majority of male goldfish (over 80%) provided ample milt 12 h after stimulation. The activation of over 65% of sperm in any given milt sample (data not shown) was comparable to that reported in previous studies (Billard 1995; Christ et al. 1996 ) and the initial speed at which sperm traveled along its trajectory (mean path velocity) when activated in deionized water matched that for carp recorded in previous studies (Rurangwa et al. 2002) . Total Values preceded by ''\'' indicate concentrations below the detection limit a The same synthetic ion mixture was used on all 5 days and, therefore, was only analyzed once p values indicate significance of differences between ion concentrations in river water and 100% effluent (unpaied t-test)
Arch Environ Contam Toxicol sperm concentration was not significantly different among the six treatments, ranging in value from approximately 4 9 10 4 to 6 9 10 4 sperm mL -1 (data not shown). This was expected, as the sperm activated in all treatments came from the same fish. Lateral head displacement did not differ between treatments (Fig. 3a) , indicating that sperm movement was bilaterally symmetrical and void of any morphological abnormalities. Any significant differences in sperm performance parameters between treatments were found at the 15-s measurement interval, reflecting the rapid decline in sperm motility within 30 s after activation.
The concentration of sperm in each sample that exhibited any movement differed significantly among treatments at the 15-s interval (p \ 0.0001, ANOVA with Tukey posttest; n = 25 for all treatments). The highest concentration of motile sperm at 15 s was recorded in deionized water (mean: 59.7 9 10 3 ± 7.9 9 10 3 sperm mL -1 ), and it declined for the other treatments in the following order: synthetic ion mixture (40 9 10 3 ± 4.1 9 10 3 ), 50% effluent (37.3 9 10 3 ± 3.3 9 10 3 ), 10% effluent (35.6 9 10 3 ± 3.9 9 10 3 ), 100% effluent (29.6 9 10 3 ± 3.4 9 10 3 ), and river water (28.2 9 10 3 ± 2.5 9 10 3 ). Similarly, the number of sperm that move swiftly after activation (rapid motility) differed significantly (p \ 0.0001; n = 25 for all treatments) among treatments at the 15-s interval (Fig. 3b) . The highest percentage of rapidly motile sperm was recorded in deionized water (64 ± 3%, mean ± SE), with declining percentages for the other treatments: synthetic ion mixture (58 ± 3.3%), 10% effluent (58 ± 3.7%), 50% effluent (53 ± 2.5%), river water (40 ± 3.8%), and 100% effluent (38 ± 3.2%).
When measuring the actual speed of sperm along a straight line (progressive velocity) and along their more convoluted path (path velocity), similar, and statistically significant, differences among treatments were observed at (Fig. 3c) was highest for deionized water (105 ± 2.8 lm s -1 ), followed by 10% effluent (94 ± 3.8), 50% effluent (88 ± 3.5), 100% effluent (81 ± 3.8), the synthetic ion mixture (68 ± 3.1), and river water (68 ± 4.3) (Fig. 3c) . Mean path velocity at 15 s (Fig. 3d ) also was highest for deionized water (115 ± 2.9 lm s -1 ), followed by 10% effluent (106 ± 3.7), 50% effluent (102 ± 3.3), 100% effluent (96 ± 4.3), river water (83 ± 4.5), and the synthetic ion mixture (81 ± 3) (p \ 0.001; n = 25 for all treatments).
It is noteworthy that for sperm activated in Mississippi River water (Fig. 4) , the percentage rapidly motile sperm was greater on sampling days 1 and 2 compared to the mean of days 3 through 5 (unpaired Student's t-test at p \ 0.05; n = 10 and n = 15, respectively). Mean progressive velocity and mean path velocity also averaged significantly lower on sampling days 1 and 2 (55 ± 4 and 72 ± 4.8 lm s -1 , respectively) than days 3 through 5 (76 ± 5.7 and 90 ± 6.2 lm s -1 ; n = 10 and n = 15, respectively).
Discussion
Sperm activation and motility upon ejaculation in freshwater teleost fish are closely linked to a sudden decrease in osmolality of the surrounding environment. We expected and found a marked decline in activation and motility in sperm suspended in treated wastewater effluent solutions with increasing osmolality. More surprising, however, was the poor performance of sperm activated in Mississippi River water, even though the osmolality of river water was more similar to that of deionized water and 10% effluent than the treatments of higher osmolality (Fig. 5) . Furthermore, we documented a marked difference in sperm ). n = 10 fish for rain event, 15 fish for dry period c Arch Environ Contam Toxicol activation and motility in river water collected on the days immediately following a storm event compared to the later sampling days during a dry weather period. Finally, the synthetic ion mixtures included in this experiment to mimic an osmolality similar to that of effluent resulted in substantially different activation and sperm motility patterns than in the two effluent treatments bracketing this mixture in osmolality.
If the results of the effluent dilution series are considered alone, osmolality appears to play a very influential role on sperm motility, as all parameters of sperm performance that should be affected by the increasing osmolality of the effluent series decline in an osmolality-dependent order (% rapid sperm, mean progressive velocity, mean path velocity). This result is consistent with a large body of published literature which indicates that osmolality has an inverse relationship with sperm motility and velocity (Morisawa 1994; Billard et al. 1995; Krasznai et al. 1995 Krasznai et al. , 2000 Takai and Morisawa 1995) . It is unlikely that this effect is simply a function of increased toxicity due to the higher wastewater effluent concentration since the amplitude of lateral head displacement did not vary significantly among treatments. Although the synthetic ion mixture exhibited higher means for rapidly moving sperm and total numbers of activated sperm, mean progressive and mean path velocities of sperm activated in 100% effluent were higher than those for sperm activated in the synthetic ion mixture, free of most of the potential toxins likely found in the effluent, and despite the synthetic ion mixture's lower osmolality.
Although the differences in velocity appear small, a rough calculation of the total distance traveled by a sperm activated in 10% effluent vs. 100% effluent indicates an *300-lm difference in favor of the 10% effluent-activated sperm over the first 30 s after activation (3180 vs. 2880 lm for 10% and 100% effluent activated sperm, respectively, based on average mean path velocity). Considering the diameter of a goldfish egg, *1000 lm (Astanin and Podgornyy 1968) , the distance to travel from one pole of the egg to the other (containing the micropyle) can be as much as 1500 lm, or more than half the entire distance a sperm will travel during its rapid active phase. Thus, even though the differences in osmolality between 10% and 100% effluent are orders of magnitude smaller then the difference between these media and the internal osmolality of the fish in which sperm remains immotile, the effects of the small difference in osmolality between activation media (9 mOsm kg -1 ) may determine whether a sperm successfully reaches the micropyle of an egg. This effect is further magnified by the decreased number of sperm becoming rapidly motile with increased osmolality of the activation solution. One-third less rapidly active sperm were found in the treatment activated by 100% effluent compared to 10% effluent. The combination of fewer rapidly active sperm and slower maximum velocities may result in a marked reduction of fertilized eggs even if the solution's osmolality is not sufficient to fully inhibit sperm motility.
The linear relationship between sperm activation and effluent concentration indicates the role of osmolality in sperm activation. Although osmolality clearly has an effect on sperm activation, this effect is not mediated equally by all cations and anions. Tan-Fermin et al. (1999) demonstrated that sperm motility was significantly enhanced based on the potassium content of various isotonic solutions composed of NaCl and KCl, indicating that increased potassium concentrations actually enhance sperm motility despite similar osmolality, while chloride does not appear to affect sperm motility beyond its contribution to the overall osmolality of the activation medium. These data are important when considering the differing sperm activation results for effluent and river water. Sperm activated in 50% effluent outperformed river water-activated sperm in motility and velocity. Calcium, sodium, and potassium were consistently the dominant cations in effluent and river water samples. Although the osmolality of river water was comparable to the 10% effluent treatment, potassium concentrations in river water were three times higher and should have resulted in higher motility and velocity of river water-activated sperm. The lack of this response suggests that components of treated wastewater effluent may have a mediating factor on sperm. A possible mediating effect of treated wastewater effluent may come from the unlikely source of estrogenic endocrine disrupting compounds frequently found in treated, municipal wastewater effluent, including the effluents of the Metro WWTP (Barber et al. 2007) . Several recent studies have documented increased motility rates of mammalian and fish sperm exposed either directly or in vivo to 17ß-estradiol (Adeoya-Osiguwa et al. 2003; Kleinkauf et al. 2004; Jin et al. 2005) . It is possible that the low (ng/L) concentrations of 17ß-estradiol, estrone, and ethynylestradiol in the Metro WWTP effluent (Barber et al. 2007 ) have an excitatory effect of the exposed sperm that may offset some of the inhibitory properties of effluent with higher osmolality. Although modes of action of sperm activation in effluents were beyond the scope of this study, this unexpected result warrants further investigations. River water effects on sperm motility parameters varied significantly between sampling days. Just prior to the first sampling event, heavy rain fell upstream of the sampling site in St. Paul and may have influenced concentrations of several cations and metals in the river water samples. The impact of these rain events was not found in the effluent samples (stormwater runoff in the urban area served by the sampled wastewater treatment plant is completely separated from the wastewater stream). Sperm activated in river waters collected during the initial 2 sampling days performed consistently below sperm activated in river waters collected on the later 3 sampling days. It is noteworthy that calcium concentrations were markedly higher on the first 2 sampling days in river water (rain event), while potassium concentrations varied little across all 5 river water collection days. Considering the enhancing effects of potassium on sperm motility (Tan-Fermin et al. 1999; however, Alavi et al. (2007) did not report this enhancing effect) and the inhibiting effect of higher calcium concentrations (through increased osmolality) on sperm motility (Alavi et al. 2007 ), it appears that this field observation is consistent with published laboratory studies in finding diminished motility of goldfish sperm activated in river water immediately after the rain event (high calcium) compared to activations several days later (lower calcium concentrations). Although it was beyond the scope of this study to determine which components of river water were responsible for the observed change in sperm performance, the natural variability of river water must be taken into account if such environments are used as reference sites for studies of effluent effects.
This study's results should provide a cautionary note for field studies in which upstream sites are often assumed to be de facto reference sites to anthropogenically disturbed downstream locals. Furthermore, the pronounced effects of the physicochemical environment of a study site need to be taken into consideration when an attempt is made to compare field sites with each other. This study should be followed up with an analysis of the actual fertilization rate of eggs in the presence of sperm activated in media of varying osmolality, although these would be complicated by the confounding variable of the effects of the medium on the egg. Finally, the complexity of sometimes contradictory effects in organisms exposed to different physicochemical environments underscores the complexity of vertebrate physiology and the difficulties associated with developing robust experimental designs for studies in aquatic toxicology.
